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a b s t r a c t 
In the present study, the structure and the composition of co-deposited layers developed at the outer 
divertor strike point tile 1 in ASDEX Upgrade during three campaigns from 2009 to 2013 were exam- 
ined. The samples were cut from representative locations which differed in received ﬂux: private ﬂux, 
strike point, the highest plasma ﬂuence and “moderate" ﬂux regions. High resolution scanning (SEM) and 
transmission electron microscopy (HRSTEM) combined with energy-dispersive X-ray spectroscopy (EDS) 
and optical proﬁlometry have been used to identify deposits composition and morphology as well as to 
assess coating degradation. The aim of the post-mortem analyses was the evaluation of materials mixing 
and evidence of plasma-induced damage. 
Our results conﬁrm that the outer divertor of AUG is generally a net erosion region for tungsten, 
however, the strong deposition of eroded tungsten takes place close to the outer strike point (private ﬂux 
region). The observations on cross-sections of the tungsten coatings revealed micro-cracks around the 
strike point region. These cracks are caused by thermal stresses due to periodic heating and cooling of 
the layer during ELMs. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Tungsten (W) is a candidate material for the ITER divertor
1,2] . A detailed understanding of the in-service performance of
 plasma-facing components (PFCs) is essential for assessing their
egradation by plasma interactions and formation of mixed mate-
ials. In the current and the past fusion experiments tungsten has
een used both as a bulk material and as coatings deposited (by
vaporation and plasma-spraying) on carbon substrates (TEXTOR,
SDEX Upgrade, JET and JT-60U) [3–5] . 
In the present work the performance of the tungsten coating
n the ASDEX Upgrade divertor has been investigated in the con-
ext of: (a) the erosion and deposition pattern at the outer divertor
trike point region and (b) damage of the material caused by the
ower loads from a fusion plasma. 
The outer strike point (OSP) region of ASDEX Upgrade has been
hosen for the post mortem analysis since in this region both ero-
ion and re-deposition are known to play the largest role [4,6–8] .∗ Corresponding author. 
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region of ASDEX upgrade, Nuclear Materials and Energy (2016), http://dhis work is a continuation of our studies concerning examination
f the structure and the composition of co-deposited layers, which
eveloped at the OSP tile 1 after one experimental campaign in
009 [6] . 
. Experimental 
The investigations were carried out at four samples from the
uter divertor tile no 1 of ASDEX Upgrade, exposed to the condi-
ions of three campaigns in the period 2009–2013. These samples
ere cut from representative locations and differed in the received
ux, as described in Table 1 and in Fig. 1 . The total ﬂuence onto
he outer divertor was in the range of 10 26 m −2 . The machine op-
rated with relatively low heating power input in 2009, mostly be-
ow 10MW. Higher heating power was exercised in the later cam-
aigns. For details concerning particular experimental campaigns
ee [7–9] . The tile was coated with a tungsten layer using the com-
ined magnetron sputtering and ion implantation method (CM-
II) [10] . The initial thickness was approximately 12 μm. A 2–3 μm
hick Mo interlayer was deposited between the tungsten layer andY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Drawing of Tile 1 explaining sampling locations. All dimensions in mm. 
Table 1 
Samples description. 
Name Description 
1-1A private ﬂux region, limited plasma contact, thick co-deposition 
1-3A strike point region, exposed to high heat load 
1-4A the highest plasma ﬂuence region 
1-10A "moderate" region 
Ba) b)
Fig. 2. SEM images of the coating morphology of sample 1-1A , (a), and 1-3A , (b). 
Black arrows indicate the direction of the erosion, whereas the white arrow in (a) 
indicates the direction of the lines of the toroidal magnetic ﬁeld. Deposit is encir- 
cled in the oval – see the stratiﬁed, wavy area, where re-deposited material was 
sequentially accumulated (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) b)
Fig. 3. SEM images of the coating and deposit morphology: a) sample 1-4A, b) sam- 
ple 1-10A. Deposit is encircled in the oval. 
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s  the graphite substrate in order to improve the adhesion of the
layer. 
The surface morphology investigations were performed with
a Hitachi SU-70 FE-SEM scanning electron microscope combined
with energy-dispersive X-ray spectroscopy (EDS) using Thermo Sci-
entiﬁc Ultra Dry and YAG BSE (backscattered electrons) detectors.
The structure of the surface layers was determined by cutting sam-
ples with a focused ion beam (FIB/SEM Hitachi NB50 0 0) and ex-
amining with scanning transmission electron microscopy (STEM,
Aberration Corrected Dedicated STEM Hitachi HD-2700). The sur-
face morphology was quantiﬁed with the use of optical proﬁlome-
ter VeecoWyko NT 9300. 
3. Results 
SEM examinations revealed that the surface of all examined
samples was modiﬁed due to exposure to the conditions of the
2009–2013 campaigns as evidenced by the images in Fig. 2 . The
investigated samples have distinctly smoother surfaces in compari-
son to their initial morphology, which has been described in [6] .
The surface shows a speciﬁc erosion/deposition patterns in the
form of: (i) elongated remains of the initial grain structure, which
are at an angle of approximately 45 º to the lines of the toroidal
magnetic ﬁeld and (ii) deposits in the shadowed areas. Please cite this article as: E. Fortuna-Zalesna et al., Post mortem analy
region of ASDEX upgrade, Nuclear Materials and Energy (2016), http://dThe highest roughness has been measure for the sample 1-1A
hown in Fig. 2 a. The surface is covered by a thick, cracked, strat-
ﬁed deposit of good adhesion to the coating. Small fragments of
eposit are chipped off, very likely contributing to the dust pro-
uction. 
The surface morphology of the three other samples is differ-
nt. They exhibit a more pronounced surface smoothening, as ev-
denced by the SEM images in Figs. 2 b and 3 a. Their surface is
lso covered by deposit, however, of a different character, with a
ungsten-based, sponge like structure shown in Fig. 3 b. Solid lay-
rs, rich in boron were also found. The thickness of the deposit is
nhomogeneous and higher in the shadowed areas, as indicated in
igs. 2 b and 3 a. Particles rich in boron were also found and elon-
ated artefacts as observed already before by M. Balden [11] – see
ig. 3 a. 
The morphology of the samples surfaces as described above
grees with the results of the measurements of surface roughness.
ample 1-1A is characterized by the highest value Ra = 1500 nm.
he surface roughness of the samples 1-3A and 1-4A is at simi-
ar level Ra = 820 and 735 nm, respectively. The surface of sample
-10A is the smoothest with Ra = 490 nm. 
It should be noted that the surfaces of samples 1-3A and 1-
A, which were from the strike point and the highest plasma ﬂu-
nce region respectively, revealed a network of cracks shown in
ig. 4 . The examinations of coating cross-sections revealed that
hese cracks go through the entire CMSII-W and Mo (inter)-layers
own to the graphite substrate. It is worth noting that cracks
nd other defects have also been revealed underneath the sur-
ace of the tungsten layers (see Fig 5 ). Thus, it can be con-
luded that the cracks observed are very likely to initiate at the
raphite/molybdenum interface. 
The observations on cross-sections of the coatings, prepared by
IB – see Fig. 5 - showed the same thickness of the tungsten and
olybdenum layers, ∼12.5 and ∼2.5 μm, respectively. The thickest
eposit, up to 6.5 μm, was found in sample 1-1A. The deposit on
ample 1-10A was the thinnest and not covering the entire surface.sis of a tungsten coated tile from the outer divertor strike point 
x.doi.org/10.1016/j.nme.2016.10.011 
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Fig. 4. SEM image of cracks on the surface of 1-4A sample. 
a) b)
deposit
W coating
Mo interlayer
Fig. 5. SEM images of the coating cross-sections: a) sample 1-1A and b) sample 
1-10A. 
2.5 µm
keV
co
un
ts
pt1a) b)
Fig. 6. SEM image of the deposit present at the sample 1-1A cross-section (a) and 
the corresponding EDS spectrum (b). 
Fig. 7. SEM image of the deposit present at the sample 1-3A cross-section (a) and 
the corresponding EDS spectrum (b). 
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Fig. 8. STEM images of the deposit on sample 1-1A: a) bright ﬁeld (BF) mode and 
b) HAADF mode. 
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a) b)
c)
Fig. 9. SEM image of the deposit present at the sample 1-1A cross-section (a) and 
the corresponding EDS spectra (b-c). 
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t  n sample 1-1A crystals rich in boron and pores up to several mi-
rons long were found. 
The EDS measurements showed that the components of the de-
osit are tungsten, oxygen and boron – Figs. 6 and 7 . Nitrogen,
arbon and iron were also detected. The EDS measurements per-
ormed both at the FIB cross-sections and thin foils indicated the
igher boron content in the deposit cut from the private ﬂux re-
ion ( Figs. 6, 7, 9 ). Please cite this article as: E. Fortuna-Zalesna et al., Post mortem analy
region of ASDEX upgrade, Nuclear Materials and Energy (2016), http://d.1. TEM examinations 
The structure of the deposit was investigated by STEM obser-
ations of thin lamellas cut by FIB. In the case of sample 1-1A in
he lamella cut from the “ﬂat” region, a stratiﬁed structure of de-
osited material has been revealed with sub-layers having thick-
esses up to 200 nm – see Fig. 8 . Observations using a high angle
nnular dark ﬁeld (HAADF) mode, also called Z-contrast, proved
ifferences in their chemical composition. The bright stripes visi-
le in Fig. 8 b are enriched in heavy elements i.e. tungsten, whereas
he dark ones are rich in light elements - boron and carbon. The
DS spectra from the deposit region are presented in Fig. 9 . The
ignal from copper comes from the copper grid the FIB lamella is
ounted on. 
The deposit on the samples designated as 1-3A, 1-4A and 1-
0A is similar and reveals re-deposited tungsten in the form of a
hree dimensional sponge-like structure illustrated in Fig. 10 . The
tructure is inhomogeneous with “sponge cells” sizes varying from
 few to several tens of nm. It contains re-deposited tungsten to-
ether with boron and carbon, Fig. 7 . Diffraction patterns from the
eposit area proved the presence of both amorphous and crys-
alline matter, as shown in Fig. 11. 
. Discussion 
The outer strike point divertor tile 1 coated with CMSII tung-
ten and exposed in the machine for three campaigns from 2009
o 2013 was analysed to provide data on materials mixing andsis of a tungsten coated tile from the outer divertor strike point 
x.doi.org/10.1016/j.nme.2016.10.011 
4 E. Fortuna-Zalesna et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–4 
ARTICLE IN PRESS 
JID: NME [m5G; November 2, 2016;2:17 ] 
a) b)
Fig. 10. STEM images of deposit present at sample 1-3A: a) BF mode, b) HAADF 
mode. 
Fig. 11. Diffraction patterns from deposit present in Fig. 9 a. 
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[plasma-induced damage of the tungsten coating. In this context it
should be noted that the outer surface of all samples changed its
morphology. The changes in the morphology were induced by two
processes: (a) erosion and (b) re-deposition. 
As a result of erosion the samples have distinctly smoother
surfaces in comparison to the initial morphology [6] . The analy-
sis of A. Hakola [8] concerning the long-term erosion patterns of
tungsten coatings in the OSP region in AUG showed that rough
parts of coatings eroded and most of the eroded material had been
re-deposited together with boron, deuterium and carbon on the
shadowed areas of the most protruding surface features. On the
smoother surfaces the deposited layers were much thinner, which
is in agreement with our observations. Also, it should be noted
that the erosion has a clear directional character, with elongated
features (residue of the initial tungsten grain structure) at an an-
gle of ∼45 ° with respect to the lines of the magnetic ﬁeld. This
characteristic orientation of elongated features was reported ear-
lier by M. Balden [11] , who studied the surface of polished tung-
sten specimens after exposure to the outer divertor plasma close
to the strike point in the 2011 campaign. Porous, layered deposits
formed around dust particles stacked at the surface, with an elon-
gation at an angle of approximately 45 ° to the B ﬁeld lines. 
In discussion of the results obtained it should be noted that
re-deposited material was found on all of the examined samples,
however, appearing with varying thickness. Relatively thick de-
posited layers were formed in shadowed areas, with the thickest,
up to 6.5 μm on the sample 1-1A collected from the private ﬂux
region. Examinations of the deposit structure revealed crystals rich
in boron and sub-layers up to 200 nm thickness of differed chemi-
cal composition on this sample. Such a structure is typical for lay-
ers formed in the inner divertor baﬄe region. The crystals richPlease cite this article as: E. Fortuna-Zalesna et al., Post mortem analy
region of ASDEX upgrade, Nuclear Materials and Energy (2016), http://dn boron found in AUG dust particles were examined in [12] and
dentiﬁed as boron carbide. The mechanisms responsible for the
trong net deposition in the private ﬂux region are described else-
here [13] . 
The deposit on three other samples (strike point region, the
ighest plasma ﬂuence and moderate regions) was thinner and
ad a sponge-like structure. The porous tungsten structure was ob-
erved ﬁrst by M. Rasinski [6] at the outer strike point divertor
ile exposed in AUG after one experimental campaign in 2009. The
xamined deposits were distinctly thinner in comparison to the
ayers observed in the present studies, with the thickness varying
rom 200 up to 1500 nm, depending on the sample location. 
The composition of deposited material, namely tungsten with
oron, nitrogen, carbon and oxygen, is typical for AUG [6,11,14] . Ni-
rogen comes from impurity seeding experiments started in 2009
10] , boron from regular boronization of the vessel [15] and oxygen
rom air uptake. Additionally, in our work locally small amounts of
ron were detected. Iron is a component of stainless steel used in
UG as structural material (SS301) for example in the main cham-
er. 
Based on our microscopy studies we cannot access quantita-
ively how much of material was eroded from the examined lo-
ations because we do not know precisely the initial thickness of
he coating. The net erosion rates of the outer strike point re-
ion of AUG were, however, examined by experiments with the
se of marker tiles. The results concerning the 2009 and 2010-
1 campaigns are given in [7,8] respectively. It could be, however,
bserved that the CMSII-W layer preserved its thickness of ap-
roximately 12 μm after three campaigns of AUG operation at high
ux/heat-load region, i.e. the net erosion was comparatively small.
he observations on cross-sections revealed, however, micro-cracks
round the strike point region. These cracks are induced by ther-
al stresses due to periodic heating and cooling of the layer dur-
ng ELMs. The observed cracks extend through the entire CMSII-W
ayer and the Mo interlayer down to the graphite substrate. 
Our results conﬁrm that the outer divertor of AUG is generally a
et erosion region for tungsten [4,7,8] . Strong deposition of eroded
ungsten, however, takes place close to the outer strike point. 
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